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LOW-POWER  DIRECT  CURRENT  COLLECTOR-FREE 
GENERATOR 

G.  A.  Sipaylov,  A.  B.  Tsukublin 


(Presented  by  a  scientific  Seminar  of  the 
departments  of  Electrical  Machines  and 
General  Electrical  Engineering.) 


The  reliability  of  the  brush-collector  assembly  in  direct  current 
generators  is  the  main  reason  that  the  synchronous  generator-recti¬ 
fier  (SG-R)  system  is  used  in  certain  special  units,  for  example, 
in  transportation  [1]  and  other  areas  of  technology  as  sources  of 
direct  current.  The  majority  of  the  currently  employed  collector- 
free  direct  current  generators  have  a  synchronous  generator  with 
sinusoidal  shape  of  the  e.m.f.  as  a  unit  to  power  the  rectifier  cir¬ 
cuit.  This  means  that  the  quality  of  the  obtained  direct  voltage  of 
the  direct  current  collector-free  generators  is  considerably  lower 
than  in  the  normal  collector  generators.  Therefore  in  order  to 
obtain  the  minimum  pulsations  of  direct  voltage,  in  a  number  of  units 
special  measures  have  to  be  taken.  In  particular,  in  certain  cases, 
an  increased  number  of  generator  phases  are  used  [2],  fairly  compli¬ 
cated  cascade  rectification  circuits  are  used  [3],  a  leveling  filter 
is  installed  [4],  etc. 

Analysis  of  the  listed  methods  for  reducing  pulsations  of  the 
rectifier  voltage  showed  that  they  either  result  in  a  decreased  use 
of  the  power  unit  (increase  in  the  number  of  phases)  or  in  compli¬ 
cation  of  the  circuit,  or  increase  in  the  number  of  rectifier  elements. 
It  is  natural  that  these  measures  are  impermissible  in  systems  of 
limited  dimensions  and  weight  where  questions  of  the  use  of  the  power 
unit  are  primary. 

In  the  manufacture  of  direct  current  collector -free  generators  of 
low  power,  in  a  number  of  cases  installation  of  a  smoothing  inductive- 
capacitance  filter  is  quite  impermissible  since  its  overall  dimen¬ 
sions  signficantly  increase  the  overall  dimensions  of  the  entire  unit. 

One  of  the  methods  for  producing  high-quality  voltage  in  the 
synchronous  generator-rectifier  system  is  the  selection  of  the 
appropriate  shape  of  the  e.m.f.  curve  that  with  a  load  guarantees  the 
minimum  pulsations  of  the  rectifying  voltage.  In  this  case,  the 
unacceptable  condition  is  also  the  preservation  of  a  high  coefficient 
of  utilization  of  the  synchronous  generator. 

Both  of  these  conditions  are  satisfied  fairly  well  if  a  three- 
phase  synchronous  generator  with  trapezoidal  shape  of  the  e.m.f  curve 
and  bridge  circuit  of  the  rectifier  block  is  used  as  the  power  unit. 
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In  order  to  compensate  for  voltage  dips  that  appear  with  a  load, 
l  special  system  of  windings  on  a  rotor  is  suggested  which  guarantees 
the  trapezoidal  shape  of  the  generator  voltage  in  a  load. 

Device  and  Operating  Principle 

The  schematic  for  the  low-power  direct  current  collector-free 
generator  with  low  pulsation  level  of  the  output  voltage  is  presented 
in  figure  1.  The  block  of  the  generator  stator  1  does  not  differ  at 
all  from  the  stator  of  normal  low-power  synchronous  generators.  A 


Figure  1. 

concentrated  three-phase  winding  with  full  pitch  (2)  is  placed  in  the 
stator  slots.  The  winding  phases  are  connected  into  a  star.  If  it 
is  not  possible  to  make  the  concentrated  winding,  a  distributed  winding 
can  be  used,  however, the  number  of  slots  per  pole  and  phase  should  not 
be  more  than  two,  since  this  will  result  in  a  severe  complication  of 
the  shape  of  the  inductor  poles.  The  stator  phases  are  connected  to 
the  bridge  rectifier  3  that  is  the  generator  outlet. 

Generator  rotor  A  has  a  salient-pole  design,  however,  the  width 
of  the  poles  is  not  selected  according  to  the  laws  of  designing 
salient-pole  machines ,  but  from  the  condition  that  the  required  shape 
of  the  e.m.f.  curve  be  obtained. 

A  distinguishing  feature  of  the  rotor  is  the  fact  that  two  windings 
are  placed  at  each  of  its  poles:  the  main,  5,  which  creates  the 
main  magnetic  flux  of  the  machine,  and  additional,  6,  that  is  linked 
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co  the  generator  outlet.  The  additional  winding  is  selected  so  that 
the  flux  created  by  it  induces  in  the  stator  winding  an  e.m.f.  that 
would  compensate  for  the  voltage  drops  when  the  generator  is  loaded 
on  the  rectifier.  In  addition,  in  order  to  compensate  for  the  reaction 
of  the  armature  on  the  rotor,  a  compensation  winding  7  can  be  arranged 
in  the  transverse  axis,  although  its  use  in  the  salient-pole  design 
machines  is  not  mandatory. 

In  order  to  exclude  the  effect  of  the  highest  harmonic  reaction 
of  the  armature  on  the  exciting  winding,  a  damping  system  is  installed 
on  each  pole. 

In  order  to  balance  the  rotor  and  for  symmetry  of  the  windings, 
insulation  gaskets  3  are  installed  on  the  rotor.  The  rotor  windings 
are  powered  by  the  standard  method  through  rings  and  a  brush  apparatus. 
lr.  this  case,  the  current  in  the  additional  and  compensation  windings 
is  changed  according  to  the  law  that  is  determined  by  the  output 
current  through  the  regulating  devices  9,  and  also  by  the  inductive 
resistance  of  scattering  of  the  generator  stator  winding. 

The  need  for  an  additional  winding  to  compensate  for  the  voltage 
dips  during  loading,  can  be  explained  if  we  examine  the  commutation 
process  for  switching  the  rectifiers. 

The  reasons  for  the  apoearance  of  pulsations  in  the  rectified 
voltage  of  the  synchronous  generator-rectifier  system  with  e.m.f.  of 
trapezoidal  shape  (fig.  2, a)  during  a  load  are  the  transitional 
electromagnetic  processes  of  switching  the  rectifiers.  When  phase  A 
is  disconnected  and  phase  B  is  connected ,  the  anode  inductance 
(scattering  inductance  of  the  stator  winding)  pulls  the  transitional 
process  cf  increase  (phase  B)and  decrease  (phase  A)  of  the  current. 
Inductive  e.m.f.  appear  in  the  phases,  Lk  di  ,  where  L, --phase 
inductance,  i-momentary  value  of  phase  current.  These  e.m.f.  reduce 
the  voltage  of  the  phase  that  is  working,  by  creating  a  drop  in  the 
rectified  voltage  (fig.  2,b).  The  depth  of  the  dropk  (pulsation)  is 
determined  by  the  quantity  of  the  commutation  current,  as  well  as 
by  the  amount  of  anode  inductance. 

Consequently,  at  the  moment  of  switching,  it  is  necessary  to 
have  that  e.m.f.  to  compensate  for  the  drops  in  phase  voltage. 


Figure  2. 


We  will  examine  how  the  e.m.f.  of  the  synchronous  generator  must 
change  if  the  goal  is  to  obtain  ideally  voltage  from  the  three- 

phase  bridge  rectifier  loaded  with  an  inductive-active  load 
In  examining  this  question,  we  will  start  from  the  fact  that  the  reac¬ 
tion  of  the  generator  armature  does  not  influence  the  shape  of  the 
generator  e.m.f. 

It  is  known  from  the  theory  for  the  operation  of  multiple-phase 
bridge  rectifiers  that  the  rectified  voltage,  with  ideally  smoothed 
rectifier  current  can  be  written  in  the  frequency  interval  ~ 
by  two  equations: 

1)  in  the  period  of  current  commutation  from  phase  A  to  phase  B 
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2)  in  the  extra-commutation  interval  of  time  during  operation  of 
phases  B  and  C 


Ud"cB-cc  -2!<,r' 
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(?) 
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where  Ij--avcrogc  value  of  rectified  current; 

r--total  active  resistance  of  generator  phase  and  direct  resis¬ 
tance  of  rectified  element. 

If  it  is  assumed  that  in  the  extra-commutation  interval  the  con¬ 
dition  is  fulfilled  with 

<01  •  -  y  in 

—  (cc-  l(ir')  l,|r'**U*=const,  (3) 

then  the  appearance  of  pulsations  of  rectified  voltage  is  only 
possible  because  of  the  commutation  process.  Therefore,  in  order  to 
obtain  ideally  smoothed  rectified  voltage,  it  is  necessary  to 
guarantee  at  the  moment  of  commutation  with  «ot~0 -ry. 

~  Or.  -  Id  r'  2U  ««  c°nst.  (4) 

Taking  into  consideration  that  the  generator  produces  a  symmetrical 
system  of  e.m.f.  ,  i.e.  ,  ,  0  . 

**»-*•(• +  -^)-e  (•"■-) 


and  limited  to  an  examination  only  of  two-three  rectifier  regime  for 

the  operation  of  the  rectififer  v  <  -  ,  one  can  establish  that  e„ 

m  c 

in  expression  (4)  with  regard  for  (3)  is  determined 

Oi  -  —  (U  +  Ijr')  (5) 

with  <ot«0-:v.  *  Consequently,  with  regard  for  this,  with 

oa  "4‘  Cu  l,i»'  ,,  . 

— - - lt_  «  U  «  const,  (6) 

Assuming  from  the  condition  for  simplicity  that  the  e.m.f.  of  the 
disconnected  phase  in  the  period  of  commutation  is  changed  according 


to  the  rectilinear  law 


„  U  we  will  find  the  law  for 

Ca  - p-  —  p). 


change  in  the  e.m.f.  of  phase  B  , 

cb  ==  4  P)  +  Irff'  (7) 

%  -»  & 

Thus,  in  order  to  obtain  the  minimum  pulsations  of  the  rectified 
voltage  of  the  bridge  three-phase  rectifier,  the  synchronous  generator 
must  guarantee  an  e.m.f.  whose  shape  is  described  by  the  following 
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equations; 
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The  shape  of  the  e.m.f.  for  this  case  is  given  in  fig.  3, a.  With 
regard  for  the  reaction  of  the  synchronous  generator  ai'mature  that 
influences  not  only  the  quantity,  but  also  the  shape  of  the  phase 
e.m.f.,  the  calculated  e.m.f.  curve  is  distorted  and  acquires  the 
appearance  shown  in  fig.  3,b.  In  order  to  create  this  e.m.f.,  it  is 
necessary  to  have  an  additional  coil  on  the  inductor  pole.  The 
size  of  the  additional  coil  according  to  the  width  of  the  pole  is 
determined  by  the  size  of  the  commutation  angle.  It  can  be  computed 
from  the  approximate  formula 


r 

lit 


where  X-  -inductive  resistance  of  generator  scattering, 
s 

Thus,  even  with  an  inductive  load,  a  fairly  high-quality  direct 
voltage  can  be  obtained  with  the  use  of  only  a  three-phase  bridge 
rectifier. 

A  similar  generator  can  be  used  in  systems  that  need  direct 
currrent ,  in  which  it  is  permissible  according  to  the  operating 
conditions  to  have  a  brush-collector  apparatus  and  filtering  elements. 
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Figure  3. 
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SELECTION  OP  A  RECTIFICATION  CIRCUIT  IN 
DIRECT  CURRENT  COLLECTOR-FREE  GENERATORS 


G.  A.  Sipaylov,  A.  B.  Tsukublln 

(Presented  by  a  scientific  Seminar  of  the 
departments  of  Electrical  Machines  and 
General  Electrical  Engineering.) 


The  question  of  selecting  a  rectification  circuit  appears  each 
time  in  designing  collector-free  direct  current  generators  of  the 
synchronous  generator- rectifier  type.  This  question  becomes  especially 
urgent  in  designing  exciters  that  are  the  first  cascade  of  the 
direct  and  alternating  current  collector- free  KMU  (amplidynes)  [1,2], 
However,  as  yet  there  are  no  published  recommendations  on  this  question. 

This  article  analyses  the  selection  of  the  rectification  circuit 
for  a  low-power  direct  current  collector-free  generator  of  the 
synchronous  generator-rectifier  type.  The  characteristic  feature  of 
these  units  is  that  they  must  guarantee  the  maximum  use  of  the  generator 
in  the  entire  range  of  load  change.  In  this  case  it  is  necessary  to 
take  into  consideration  the  simplicity  and  reliability  of  the  unit, 
as  well  as  the  minimum  weight  and  overall  dimensions.  From  this 
viewpoint,  of  all  the  diversity  of  rectification  circuits,  one  can 
only  isolate  the  bridge  rectification  circuits  and  the  one-half-period 
when  the  generator  is  connected  by  a  star.  As  for  the  other  recti¬ 
fication  circuits  (circuits  with  compensation  reactor,  cascade  cir¬ 
cuits,  etc.),  they  are  not  examined  because  of  their  cumbersome 
design. 

An  important  advantage  of  the  two-half-period  rectification  cir¬ 
cuits  over  the  one-half-period  is  that  during  powering  from  a  trans¬ 
former,  they  yield  a  greater  utilization  coefficient  and  lower  pul¬ 
sation  coefficient  for  the  same  load.  During  powering  from  a  syn¬ 
chronous  generator,  the  operating  pattern  of  the  rectifiers  changes. 

This  is  associated  with  the  presence  of  an  armature  reaction  in 
the  synchronous  generator.  It  is  therefore  necessary  to  make  the 
selection  of  the  rectification  circuit  with  regard  for  the  armature 
reaction  of  the  synchronous  generator,  as  well  as  the  size  of  the  load. 

The  following  assumptions  were  made  in  the  analysis: 

1.  The  rectifiers  are  assumed  to  be  ideal,  i.e.,  direct  resistance 
of  the  rectifier  is  not  considered ,  but  the  inverse,  equal  to 
infinity.  It  needs  to  be  noted  that  this  assumption  is  not  completely 
arbitrary,  if  one  considers  that  the  low-power  machines  have  a 
relatively  high  value  of  active  resistance  of  the  armature  winding. 

2.  The  genprator  produces  sinusoidal  voltage  even  under  load, 
i.e.  ,  the  higher  harmonic  reactions  of  the  armature  that  are  induced 
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by  the  nonsinusoidal  nature  of  the  armature  current  are  completely 
obliterated  by  the  damper  rotor  loops. 

As  is  known  [1,2],  the  operation  of  the  low-power  synchronous 
generator  on  a  rectification  block  is  characterized  by  a  high  cos  (j 
whose  values  lie  in  the  limits  of  cos^p  =1-0. 96.  Therefore  an  accurate 
degree  of  precision  can  be  considered  the  fact  that  the  rectifier 
[illegible]  is  active  for  the  generator. 

The  vector  diagram  for  this  case  is  illustrated  in  figure  1. 
According  to  a  certain  diagram,  the  phase  voltage  with  direct  exci¬ 
tation  current  is  expressed 


By  expressing  the  rectification  voltages  and  the  current  through  the 
known  [3]  contact  coefficients  ^1  =  k,  and  *1  =k-,  .  ,  and  by  substi- 

Ud  Xd 

tuting  them  in  (1) ,  we  obtain  an  equation  for  the  external  charac¬ 
teristics  of  the  generator  working  on  the  rectifier: 

™  k~  j/  V*„  <x.d-x„>  k,i»- 

~  Idt  •  kt,  (2) 


Considering  that  the  generator  resistances  remain  constant  with  a 
change  in  the  rectification  circuit  ,  we  find  that  the  incline  of  the 
characteristics  mainly  depends  on  the  coefficients  k,  and  k, < . 

Figure  2  shows  the  external  characteristics  of  the  generator  for 
the  one-half-period  and  two-half-period  rectification  circuit  that 
were  obtained  according  to  equation  (2)  for  a  three-phase  generator. 

As  is  apparent  from  the  curves ,  at  some  point  (we  will  call  it  the 
critical),  intersection  of  the  characteristics  occurs,  i.e.  ,  up  to 
this  point  the  generator  produces  more  power  when  operating  on  the 
bridge  rectification  circuit.  However,  with  a  load  that  exceeds  the 
critical  value,  as  a  consequence  of  the  armature  reaction  of  the  genera¬ 
tor,  the  bridge  rectification  circuit  produces  values  for  the  generator 
power  that  are  considerably  lower  than  the  one-half-period. 
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Figure  1.  Vector 
Diagram  of  Generator 
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Figure  2.  External  Characteristics 
of  th.e  Generator 

a--with  bridge  rectif ication  circuit 
b--with  one-half-period  rectification 
circuit 


The  value  of  the  load  at  the  critical  point  and  its  link  to  the 
machine  parameters  can  be  obtained  by  joint  solution  of  equations 
(2)  for  the  one-half-period  and  bridge  rectification  circuits.  By 
designating  kju"  and  k^"  the  values  for  the  coefficients  for  the 
bridge  circuit,  and  k^u,  and  k^,  for  the  one-half-period  ,  we  obtain 


/  V  »  k  1 1 

\ 

v . .  >,/ 

l) 

(  i.  k.r ■" 

,  > 

1 

V  *,U1,  k,/ 

1 1 

; 

K,/  ■;)[  \  x-j.v 

k“*  !  O' '  ***- 


The  solution  of  this  equation  in  relation  to  R  produces  a  link  be¬ 
tween  the  critical  load  and  the  generator  parameters.  For  machines 
with  uniform  air  gap,  equation  (3)  is  simplified  by  means  of  xacj=:caq 
and  “x^,  and  acquires  the  appearance: 


(  K  "‘l  ~k„  ~  1 ‘)  k  X,J  .. 
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The  solution  to  this  equation  results  in  simple  ratios  between  the 
load  resist  an  :e  and  the  generator  parameters 

r  A  Ip  -I-  1  r*  Akl„  -  .\  t  |i  A  k if  , - . 

- . J — ak;;; -  w 

where 

A  kp  -  k,i»'  k./  —  k,i"  •  k„*\ 

A  k,u  -  (k.tT, 

A  kn  —  (ku')3  -  (k,,*)’, 

2r*  -  xd*  d-  r*. 


Taking  into  consideration  that  in  low  power  synchronous 
generators  z  v_  >  >  r ,  we  simplify  expressions  (5)  to  the  follov.ing: 


R 


IIKp 


7r. 


,  (C>r 

|  (M'7!  -  (k,i"p  ’ 


(G) 


Thus,  with  load  resistance  over  Rj^  in  all  eases,  the  mo?  t  advan¬ 
tageous  is  the  bridge  circuit  of  the  rectifier.  With  large  loads, 
it  is  necessary  to  select  a  one-half • period  rectification  circuit 
the  t  in  this  area  guarantees  the  greatest  use  of  thw.  generator. 

Since  the  coefficients  and&j.  are  complex  functions  of  the 
load,  the  number  of  phases,  etc. ,  then  preliminary  selection  of  the 
rectification  circuit  can  be  done  based  on  an  examination  of  the 
idealized  rectifier.  With  this  regard,  the  critical  load  resistance 


,  sin* -~ 
..  4  _ m 

l<i»K|»“  h  ‘  V  *  ■”  s. '  ’ 

in 


V) 


As  is  apparent  from  (7) ,  the  critical  load  resistance  depends  on 
the  number  of  generator  phases.  Figure  3,  illustrating  this  depen¬ 
dence,  graphically  shows  that  with  an  increase  in  the  number  of 
phases,  the  boundaries  for  the  use  of  the  bridge  circuits  are 
expanded,  and  with  a  fairly  large  number  of  phases,  the  circuits 
are  practically  identical.  Therefore  in  designing  direct  current 
collector- free  generators ,  as  well  as  different  types  of  collector- 
free  exciters,  the  question  of  using  a  certain  rectification  circuit 
must  be  solved  simultaneously  with  the  question  of  selecting  the  num¬ 
ber  of  phases,  the  parameters  of  the  generator,  as  well  as  the 
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anrero 
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Figure  3.  Dependence  of 

Zr 

on  Number  of  Phases. 


necessary  level  of  pulsations  of  the  rectified  voltage  or  current. 

From  this  viewpoint ,  one  can  recommend  for  the  exciters  multiple- 
phase  systems  with  one-half-period  rectification  circuit,  and  for 
generators  that  operate  on  high-ohmic  load,  bridge  rectification 
circuits  with  relatively  small  number  of  phases. 
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